The evolution of the Metazoa from protozoans is one of the major milestones in life's history. The genetic and developmental events involved in this evolutionary transition are unknown but may have involved the evolution of genes required for signaling and gene regulation in metazoans. The genome of animal ancestors may be reconstructed by identification of animal genes that are shared with related eukaryotes, particularly those that share a more recent ancestry and cell biology with animals. The choanoflagellates have long been suspected to be closer relatives of animals than are fungi, the closest outgroup of animals for which comparative genomic information is available. Phylogenetic analyses of choanoflagellate and animal relationships based on small subunit rDNA sequence, however, have yielded ambiguous and conflicting results. We find that analyses of four conserved proteins from a unicellular choanoflagellate, Monosiga brevicollis, provide robust support for a close relationship between choanoflagellates and Metazoa, suggesting that comparison of the complement of expressed genes from choanoflagellates and animals may be informative concerning the early evolution of metazoan genomes. We have discovered in M. brevicollis the first receptor tyrosine kinase (RTK), to our knowledge, identified outside of the Metazoa, MBRTK1. The architecture of MBRTK1, which includes multiple extracellular ligand-binding domains, resembles that of RTKs in sponges and humans and suggests the ability to receive and transduce signals. Thus, choanoflagellates express genes involved in animal development that are not found in other eukaryotes and that may be linked to the origin of the Metazoa.
A
pivotal transition in the history of life was the evolution of multicellular animals from a unicellular protozoan ancestor. The genetic and developmental events involved in the origin of Metazoan multicellularity remain obscure. In particular, it is not known whether proteins involved in animal cell-cell interactions arose before, and may have contributed to, the origin of Metazoa. Although DNA from the ancestor to Metazoa cannot be examined directly, the contents of that genome may be inferred by comparing genomes of extant Metazoa to those of their nearest relatives. Those genes that are shared in certain groups and not others may reflect the assembly of the ''genetic toolkit'' during metazoan evolution. Genes restricted to animals and their closest relatives may have played important roles in the evolution of unique modes of cell communication and adhesion that characterize metazoan biology.
Comparisons of worm and fly genomes with that of a fungus (Saccharomyces cerevisiae) have revealed genes for numerous signaling and extracellular matrix molecules that are potentially unique to the Metazoa (1-3). However, the long evolutionary history separating animals from fungi and the profound differences in their cell biology suggest that genes important for animal evolution may have arisen after the divergence of the two lineages. Furthermore, the diversity of signaling and adhesion molecules in the most basal animals, sponges and cnidarians, indicates that some of these protein families may have arisen before the origin and diversification of Metazoa (4) (5) (6) . A better picture of the evolution of early animal genomes will require the identification of phylogenetically and biologically appropriate species for comparison with animals.
One group of protozoans, the choanoflagellates, has long been allied with the Metazoa on the basis of similarities in their cellular architecture with that of sponge choanocytes (7) (8) (9) (10) . However, ultrastructural data have additionally been used to argue both that choanoflagellates are basal to Fungi and Metazoa (11) and that Metazoa actually evolved from colonial ciliates (12) . Although attempts to resolve the controversy by using phylogenetic analyses of small subunit (SSU) rDNA sequences have most frequently supported a monophyletic Metazoa͞ choanoflagellate clade (13) (14) (15) , recent studies have also placed choanoflagellates with Fungi (16) , at the base of the Metazoa͞ Fungi clade (17) , at a branch preceding the divergence of green plants (18), or have not been able to determine their placement (19) . The inability of SSU rDNA to consistently resolve the branching order of the crown eukaryotes and, in particular, the relationship of choanoflagellates to Metazoa and Fungi has been attributed to variable rates of evolution and base composition effects, among other reasons (15, 17, 20) .
Analyses of SSU rDNA have also suggested that a group of parasitic protists, the Mesomycetozoa, clusters with choanoflagellates and Metazoa on the eukaryotic evolutionary tree (14, 20) . Although the exact branch order of choanoflagellates and Mesomycetozoa relative to animals is uncertain (20) , we contend that choanoflagellates remain a better group for comparison with animals regardless of the detailed phylogeny. The absence of ultrastructural affinities between Mesomycetozoa and Metazoa and the parasitic lifestyle of Mesomycetozoa with the potential for rapid genome reduction during the evolution of parasites suggests that choanoflagellates are the more appropriate subject for comparative genomics.
In instances where comparisons of SSU rDNA sequences have failed to resolve the relationships of long-diverged eukaryotes, analyses of protein-coding sequences have often succeeded [e.g., the slime molds (21), red algae (22) , and microsporidia (23)]. Indeed, recent analysis of heat-shock protein 70 from a choanoflagellate, Monosiga ovata, supports a close relationship between choanoflagellates and Metazoa (24) . We have isolated four additional highly conserved protein-coding genes from another choanoflagellate species, Monosiga brevicollis, to test whether choanoflagellates are an appropriate group for studies of the ancestral metazoan genome. Phylogenetic analyses of elongation factor 2 (EF-2), ␣-tubulin, ␤-tubulin, and actin reported here provide the strongest sequence-based support to date for the hypothesis that Metazoa and choanoflagellates are more closely related to each other than to Fungi. This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: EF-2, elongation factor 2; RTK, receptor tyrosine kinase; SSU, small subunit; MP, maximum parsimony; ME, minimum evolution; EGF, epidermal growth factor.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database [accession nos.: ␣-tubulin (AY026070), ␤-tubulin (AY026071), actin (AY026072), EF-2 (AY026074), and MBRTK1 (AF440359 and AF440360)].
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. An important prediction of the close relationship between choanoflagellates and Metazoa is that protein-coding sequences previously observed only in animals may be expressed in choanoflagellates. To test the hypothesis that genes characteristic of animal cell signaling and adhesion arose before the divergence of the choanoflagellate and animal lineages, we surveyed a library of M. brevicollis expressed genes. We report the discovery of the first receptor tyrosine kinase (RTK), to our knowledge, identified outside of the Metazoa, MBRTK1. The modular organization of MBRTK1 resembles that of RTKs found in animals as diverse as sponges and humans and includes extracellular ligand-binding domains known to receive and transduce signals in animal RTKs. These findings suggest that choanoflagellates may represent the eukaryotic condition before the evolution of animals and extend the history of one key group of signaling molecules back to the common ancestor of choanoflagellates and Metazoa. , 500 g of total RNA was purified by using TRIZOL reagent (GIBCO͞BRL). Polyadenylated RNA was isolated with the Oligotex mRNA purification kit (Qiagen, Chatsworth, CA). From 4.2 g of poly(A) RNA, a directionally cloned cDNA library was synthesized (see the supporting information on the PNAS web site, www.pnas.org), plated, and arrayed to 96-well plates.
Sequencing and Annotation of Clones. Plasmid DNA from randomly selected clones was sequenced by using the M13 reverse primer. Trimmed sequencing traces were annotated by using BLASTX. The EF-2 clone was truncated at the 5Ј end, and the remainder of the sequence was recovered by 5Ј RACE. Clones encoding ␣-tubulin, ␤-tubulin, actin, EF-2, and MBRTK1 were then fully sequenced by using a poly(T) primer and gene-specific primers.
Phylogenetic Analysis. M. brevicollis amino acid sequences were aligned with homologs from diverse eukaryotes by using CLUSTAL (workbench.sdsc.edu) and edited by eye. Positions containing gaps were excluded from further analysis. Unweighted maximum parsimony (MP) and minimum evolution (ME) analyses of amino acid sequences were performed in PAUP* 4.0B4A, with branch-swapping by tree bisection reconnection (25) . Bootstrapping involved 1,000 replicates of stepwise addition, holding one tree at each step. Identical tree topologies were recovered with or without either character resampling or use of the steepest descent option. Maximum likelihood analyses were performed by using the program PUZZLE (26) . The quartetpuzzling searches used the Jones-Taylor-Thornton (JTT) model of amino acid substitution and reliability values were estimated from 10,000 puzzling steps.
Annotation of MBRTK1. Conserved motifs in MBRTK1 were identified by using the INTERPRO database (27) and aligned with similar domains from other species by using CLUSTALW. The transmembrane domain was predicted by using TMHMM (workbench.sdsc.edu). Neighbor-joining analysis of the tyrosine kinase domains of MBRTK1 and 80 diverse tyrosine kinases were used to group MBRTK1 with the fibroblast growth factor receptor and Tie͞Tek tyrosine kinases (6) (see the supporting information on the PNAS web site). The MR motif was identified by using MEME, Ver. 2.2 (28) . Intron positions were predicted by comparing the sequence of the cDNA clone to a genomic Mbrtk1 clone amplified from M. brevicollis by PCR.
Results and Discussion
Phylogenetic Analysis of Protein-Coding Genes from M. brevicollis.
EF-2, ␣-tubulin, ␤-tubulin, and actin have been widely used in phylogenetic analyses because of their ubiquity in eukaryotes, slow rates of evolution, and low copy number in nuclear genomes (22, 23, (29) (30) (31) . Clones for all four genes were isolated from a M. brevicollis cDNA library and the conceptual full-length translations aligned with homologs from a variety of animals, fungi, plants, and protists. We used unambiguously aligned positions in MP, ME, and quartet-puzzling (a rapid algorithm for estimating maximum likelihood) analyses to infer the phylogenetic relationship between M. brevicollis and several crown eukaryotes (25, 26, 32) .
Analysis of each of the four proteins was consistent with a possible sister group relationship between choanoflagellates and Metazoa ( Fig. 1 ). This was most strongly supported in the EF-2 and ␣-tubulin trees ( Fig. 1 a and b) in which bootstrap support (32) and reliability values (26) for the metazoan clade from analyses using all three optimality criteria (MP, ME, and quartet puzzling) ranged from 83 to 98% for EF-2 and 60 to 81% for ␣-tubulin. We also consistently recovered a clade containing both choanoflagellates and Metazoa, to the exclusion of Fungi and other eukaryotes, with bootstrap support and reliability values ranging from 97 to 100% for EF-2 (Fig. 1a) , 90 to 100% for ␤-tubulin (Fig. 1b) , 80 to 99% for ␣-tubulin (Fig. 1c) , and 56 to 99% for actin (Fig. 1d) . In comparison with the EF-2 and ␣-tubulin trees, there was less support in the actin and ␤-tubulin trees for monophyletic Metazoa to the exclusion of choanoflagellates. We believe this is largely because of the presence of fewer phylogenetically informative positions in actin and ␤-tubulin. Phylogenetic analyses of the heat-shock protein 70 from a related choanoflagellate, Monosiga ovata, have also yielded support for choanoflagellates being closely related to Metazoa (24) .
Given the apparently close relationship between choanoflagellates and Metazoa, it is important to consider the direction of evolution [i.e., of Metazoa from a choanoflagellatelike ancestor or of choanoflagellates from a basal metazoan (33) ], because that would bear directly on the significance of any shared genes. The possibility that choanoflagellates may be derived from sponges cannot be excluded by the findings reported here but is not strongly indicated by any currently available data. Indeed, compelling evidence exists for placing choanoflagellates outside of the Metazoa. From a comparison of the mitochondrial genomes of protists and crown eukaryotes, Gray et al. discovered the presence of at least 13 genes in M. brevicollis mitochondrial DNA that are absent from animal mitochondria (34) . Shoehorning choanoflagellates into the Metazoa would require choanoflagellates to have reacquired genes lost since the divergence of fungi and animals, a nonparconserved residues are indicated in color, similar residues are highlighted in gray, and diagnostic residues are boxed. simonious assumption that makes the choanoflagellates-fromanimals scenario highly unlikely.
Identification of a Receptor Tyrosine Kinase from Choanoflagellates.
The strong support for the choanoflagellates as close relatives of the Metazoa provides a framework from which to study the origin of animals. Because some choanoflagellate species are capable of forming organized colonies (10), it is possible that gene products required for metazoan multicellularity emerged in the common ancestor to choanoflagellates and Metazoa and persist in extant members of the two groups. In fact, multiple members of cell signaling and adhesion gene families thought to be unique to animals have been found in the most basal Metazoa, sponges and cnidarians, indicating that these protein families expanded before the origin and diversification of animals (4-6, 35-37).
To test this possibility, we surveyed a library of M. brevicollis expressed sequences for signaling proteins characteristic of and potentially unique to Metazoa. We have discovered a choanoflagellate receptor tyrosine kinase gene, Mbrtk1 (Fig. 2) . The RTK family of signaling molecules regulates cellular and developmental processes throughout the animal kingdom, including in sponges and cnidarians (38) . Like all metazoan RTKs, the predicted protein product of Mbrtk1 is modular in structure, containing ligand-binding motifs in the extracellular domain, a single transmembrane domain, and a tyrosine kinase core in the cytoplasmic domain (38) (Fig. 2 a and b) .
Phylogenetic analyses have been used to divide the tyrosine kinase family into subfamilies based on sequence similarity (6, 39) . In the case of MBRTK1, neighbor-joining analysis of the tyrosine kinase core places it in the FGF͞Tie͞Tek group of RTKs (see the supporting information on the PNAS web site). Members of this group are found in diverse bilaterians but have not been reported as yet from sponges or cnidarians. The predicted C terminus of MBRTK1 contains six tandem repeats of a 65-to 70-aa-long motif (the MR repeat; Fig. 2e ), with as many as 18 consensus tyrosine phosphorylation sites. This domain may be involved in autophosphorylation and the docking of proteins that transduce signaling by MBRTK1. The extracellular domain of MBRTK1 contains a calcium-binding epidermal growth factor (EGF) motif (Fig. 2c Top) , an Ig͞ MHC motif and two additional EGF-like repeats in the extracellular domain (Fig. 2c) , both of which occur in Tie and Tek RTKs from humans and mice (40) (Fig. 2b) . Some RTKs from sponges and cnidarians contain either EGF or Ig͞MHC motifs (6, 35-37, 41, 42) (Fig. 2b) but none have been reported that contain both motifs. The absence of obvious homology between MBRTK1 and RTKs from sponges and cnidarians may result from undersampling of the expressed genes of basal metazoans. Although only six RTKs have been isolated from a single sponge species (44 -46) and five recovered from a cnidarian (refs. 35, 37 ; also see GenBank nos. 4731320, 7494500, 1401236), the diversity of tyrosine kinases identified from bilaterian genomes (63 in nematodes, 87 in fruit f lies, and 90 in humans) (3, 46) suggests that more sponge and cnidarian RTKs remain to be identified.
The critical distinctive feature of MBRTK1 and metazoan RTKs, in contrast with cytoplasmic tyrosine kinases, is that they possess an extracellular ligand-binding domain that potentially allows them to receive and transduce cues from the extracellular environment. Although cytoplasmic tyrosine kinases occur outside of the Metazoa [e.g., in plants (47) and Dictyostelium (48) ], searches of sequences from nonmetazoan eukaryotes, and particularly those from complete or nearly complete plant (49) , fungal (50) , and protistan genomes, have not uncovered any RTKs, consistent with previous assertions of their restriction to Metazoa (6, 39) . Therefore, MBRTK1 is the first RTK to be identified outside of the Metazoa.
Indeed, it has been suggested that the evolution of RTKs for cell-cell signaling could have played a role in early metazoan evolution (51) .
Like the tyrosine kinase core, many of the ligand-binding motifs found in metazoan RTKs arose before the divergence of animals from other higher eukaryotes (52) . For instance, the EGF module has been found in a number of plant and protistan proteins (53, 54) and may have evolved before the divergence of plants from animals and fungi (Fig. 3) . Assembly of the first RTK may have involved domain shuffling to join a cytoplasmic tyrosine kinase core with an extracellular ligand-binding domain. Modern RTKs contain a diverse array of ligand-binding modules, suggesting the involvement of gene duplication and divergence (6, 55) or domain shuffling (56) (or both) in the expansion of this protein family. The evolutionary history of the RTKs may serve as a model for the types of molecular evolutionary processes that contributed to the assembly of the animal ''genetic toolkit.''
The discovery of a receptor tyrosine kinase in choanoflagellates demonstrates that at least one family of metazoan signaling molecules predates the origin of animals (Fig. 3) . In addition, the phylogenetic and molecular genetic evidence presented here, coupled with the long-established ultrastructural similarities between choanoflagellates and sponge choanocytes (7-10), suggests that choanoflagellates may best represent the eukaryotic condition before the evolution of animals. Further comparisons of the expressed genes of choanoflagellates and Metazoa may reveal the presence of additional shared genes with potential significance to the evolution of multicellular development and the origin of animals. 
